Abstract. 2014 We present a Scanning Force Microscope working in the attractive force mode and using an optical fiber equipped laser interferometer as lever deflection detector. The instrument is built for general purpose use and leading design criteria have been versatility and easy operation. An interchangeable scanner system allows large scan sizes without compromising the performance working with high magnifications. A comprehensive software package has been developed that controls data acquisition and permits an extensive post-acquisition image processing including 3 [3] , magnetic recording media [4] , microelectronics [5] , friction [6] [7] and at low temperatures [8] . During the last year, the first UHV force microscope has appeared [9, 10] , and this important development will certainly strengthen force microscopy as a technique for basic surface studies.
In figure 2 . The light source is a ImW HeNe laser (Uniphase 1101P, À =632.8 nm) with plane polarized output and the light is carried to the cantilever through an optical fiber with 4 03BCm core diameter. The détection signal is derived from the intensity at the photodiode which is determined by the phase between the light reflected from the cantilever and that refiected at the glass-air interface at the fiber end. The small size of this interference cavity, only a fewum, is advantageous as it decreases the sensitivity to laser frequency variations [11] . The static position of the cantilever can be adjusted using the piezoelectric bimorph in order to give a phase shift of 03C0/2 between the two interfering beams which maximizes the interferometer sensitivity. For small deflections around this position the intensity will vary linearly with lever-displacement and the sensitivity can easily be calibrated by moving the lever a distance corresponding to a path difference of half a wavelength.
To avoid reflections when the light enters the fiber, the end is immersed in a small volume of index matching fluid that will keep the reflecting interface out of focus. Stability problems due to retroreflection of light into the laser is minimized using a method that isolates the laser from the reflected beam and that works as follows: the polarization plane of the beam returning through the fiber is rotated 90° with respect to the beam leaving the laser as a result of the double passage through the fiber loop which acts as a À/4 plate due to stress induced birefringence in the fiber material [12] . The polarizing beam splitter deflects the returning beam into the detector while blocking the path to the laser thus avoiding stabillity problems due to retroreflection into the laser.
Reference [13] gives a detailed analysis of this type of deflection sensor and shows that the noise level above 2 kHz can be reduced to within a factor of 2.5 of the shot noise limit of the detector circuit. Figure 3 shows the frequency distribution of the noise in the detector signal of the instrument described here.
As The piezo-tube is mounted in a macor structure which is held by friction against the scanner support block using the force from a magnet (Fig. la) [5, 15, 21] .
In order to obtain an automatic approach sequence, a special circuit was designed that controls the coarse adjustment micrometer as well as the z-motion of the scanner. This circuit works as follows: Initially the scanner is fully expanded in the z-direction as the coarse approach is started with its lowest speed (0.5 pm/s). As the amplitude signal from the lock-in amplifier reaches a preset threshold corresponding to a weak interaction, the coarse approach is halted at the same time as the sample is retracted by switching the z-voltage on the scanner. At this stage, the tip is within reach of the scanner and the final approach can be started. This is done by applying a voltage ramp to the z-electrode of the piezo-tube, causing the sample to approach the tip with a controlled speed (125-850 Â/s for the tube scanner). At contact, the circuit will either let the feedback control take over (if a measurement is started) or retract the sample. In the latter case, a sample and hold circuit will retain the voltage at which contact occurred and display the value for further reference.
As interface between the system and the computer we use an I/O board with four DAC:s (two 16 bit and two 12 bit) and eight ADC:s (12 bit) [22] . The 16 bit analog outputs generate the x and y scans, while one of the 12 bit outputs sweeps the oscillator frequency, an option that is used when acquiring frequency spectra of the lever resonance. The remaining 12 bit output controls the z-position of the sample, which is used when recording approach curves (see Sect. 3.2). The topographic signal which is fed into one of the ADC:s is derived from the z -voltage using an amplifier with stepwise variable gain and continuous offset. One of the analog inputs measures the cantilever amplitude (used when recording frequency spectra) and one monitors the lever displacement signal from the photodiode. The remaining ADC:s are used to monitor the sample bias voltage and different switch settings.
The fixed 0-10 V scan voltages from the computer are attenuated and mixed with a continuously variable offset before amplification in order to obtain the full resolution of the DAC:s, independent of the actual scan size. The x and y high voltage amplifiers are designed using two pairs of integrated circuits (Burr-Brown 3583) to obtain a symmetric voltage with respect to ground that is applied to the opposite electrodes of the tube scanner.
As a result of the high sensitivity to topographic variations, even a very small tilt of the sample with respect to the scan plane can lead to a severe distorsion of the image. This can be corrected for by adding a certain percentage of the x and y voltages to the z-voltage before it is amplified. In this way we obtain a slope correction in hardware that allows us to use the full resolution of the ADC for the topographic variations.
The attenuation and offset of the x and y voltages, as well as the amplification of the topography signal is read by the computer to provide all relevant information on the screen.
3.2 COMPUTER SOFTWARE. The software is written in Lightspeed Pascal with additional low level commands from the "Macintosh Tbolbox" [23] used for time critical data transfers to the screen. The program generates the scan voltages during data acquisition, displays the data and the relevant image parameters in real time, handles data storage and performs image processing. The computer is also used to record lever frequency spectra and to acquire approach curves, i.e. plots of static force (lever deflection) and force derivative (frequency shift) as a function of z-position while moving in and out of the interaction region [15, 24] . These curves are not used during normal imaging but give the possibility to study the details of the tip-sample interaction.
The figure 5 , and a high resolution image of a fibrinogen molecule adsorbed on a silicon oxide substrate, figure 6 .
The optical disk shown in figure 5 is a plastic replica covered with a 500 À metallic layer, and was imaged without bias voltage between tip and sample. The data is shown both as an intensity modulated top-view (a) and a 3-D rendered image (b) which clearly shows the visual impact of the latter image processing. Figure 6 shows a top-view and a 3-D rendered image of a fibrinogen molecule deposited on a silicon oxide substrate that had been silanized to obtain a hydrophobic surface. The molecules were attached to the surface by immersion in a 0.2 Jlg/ml fibrinogen solution for 4 hours, followed by rinsing in distilled water and drying in clean nitrogen. The tungsten lever used has a resonance frequency of 21.9 kHz, and the size of the amplitude shift indicated that a capillary condensation phenomena contributed to the force interaction. The image shows clearly the tri-nodular structure of the fibrinogen molecule that is well known from TEM studies [26] . The lateral resolution in this image is estimated to 30 Â, and is obtained routinely. The data shown is a part of an ongoing study of fibrinogen interaction with solid surfaces that will be published separately. Molecular imaging of biological molecules using the SFM operated with repulsive forces has been reported elsewhere [27] but this is to our knowledge the first time that the shape of an individual bio-molecule has been observed when operating the SFM in the attractive force regime. We have presented a Scanning Force Microscope designed for general purpose use. The instrument includes a force sensor using an optical fiber interferometer, an interchangeable scanner system, control electronics and a comprehensive data acquisition and image processing software package. The images we present on fibrinogen adsorbed on hydrofobic silicon oxide show that the morphology of individual bio-molecules can be resolved on a routine basis with the scanning force microscope operated in the attractive regime.
